Outer membrane protein P6 is the subject of investigation as a vaccine antigen to prevent infections caused by nontypeable Haemophilus influenzae, which causes otitis media in children and respiratory tract infections in adults with chronic lung disease. P6 induces protective immune responses in animal models and is the target of potentially protective immune responses in humans. P6 is a 16-kDa lipoprotein that shares homology with the peptidoglycan-associated lipoproteins of gram-negative bacteria and is highly conserved among strains of H. influenzae. To characterize the function of P6, an isogenic mutant was constructed by replacing the P6 gene with a chloramphenicol resistance cassette. The P6 mutant showed altered colony morphology and slower growth in vitro than that of the parent strain. By electron microscopy, the P6 mutant cells demonstrated increased size, variability in size, vesicle formation, and fragility compared to the parent cells. The P6 mutant showed hypersensitivity to selected antibiotics with different mechanisms of action, indicating increased accessibility of the agents to their targets. The P6 mutant was more sensitive to complement-mediated killing by normal human serum. Complementation of the mutation in trans completely or partially restored the phenotypes. We concluded that P6 plays a structural role in maintaining the integrity of the outer membrane by anchoring the outer membrane to the cell wall. The observation that the absence of expression of P6 is detrimental to the cell is a highly desirable feature for a vaccine antigen, supporting further investigation of P6 as a vaccine candidate for H. influenzae.
Nontypeable or nonencapsulated Haemophilus influenzae is a common human respiratory tract pathogen, causing disease in both children and adults. The bacterium is an important cause of otitis media, the most common reason for children to receive antibiotic therapy. Based on results of middle-ear-fluid cultures, 25 to 35% of the approximately 25 million episodes of otitis media that occur annually in the United States are caused by H. influenzae (24, 25) . The widespread use of pneumococcal conjugate vaccines among infants and children in the past 5 years has led to an increase in the proportion of otitis media cases caused by H. influenzae, particularly among cases of recurrent otitis media (9, 29) .
Approximately 20 million adults in the United States have chronic obstructive pulmonary disease (COPD), a debilitating disease which is the fourth leading cause of death nationwide (3, 46) . The course of the disease is characterized by intermittent exacerbations, which may lead to physician visits, hospital admissions, respiratory failure requiring mechanical ventilation, and death. Approximately one-half of exacerbations are caused by bacterial infection, and the most common pathogen is H. influenzae (35, 50) .
Because of the enormous morbidity associated with H. influenzae otitis media and the morbidity and mortality associated with respiratory tract infections in adults with COPD, H.
influenzae is a major focus of vaccine development efforts (16, 36, 37) .
Outer membrane protein P6 is a member of the class of outer membrane proteins known as peptidoglycan-associated lipoproteins (10, 28, 44, 45) . First discovered in the mid-1980s, P6 is a promising vaccine antigen that has been the subject of extensive study (33, 41, 42) . P6 has several features suggesting that the protein may be an effective vaccine antigen. The gene that encodes P6 is present and the protein is expressed in all strains of H. influenzae examined thus far. The nucleotide sequence homology among strains is 97%, and the amino acid sequence homology among strains is 100%, indicating that the protein is highly conserved among strains (43) . P6 has epitopes on the bacterial surface, an important characteristic for potentially protective antibodies to bind P6 on the intact bacterial cell.
P6 induces protective immune responses in a variety of animal model systems, including the infant rat model of invasive infection (17, 33, 53) , a rat pulmonary clearance model (27) , otitis media models in the chinchilla and mouse (12, 18, 48) , and nasopharyngeal colonization models (6, 21, 23, 32) . P6 is the target of bactericidal antibodies from rats, chinchillas, rabbits, and humans (12, 17, 27, 38) . An analysis of antibody responses to P6 in children has provided suggestive evidence that human immune responses to P6 are associated with protection from H. influenzae otitis media (22, 26, 52) . Furthermore, T-cell responses to P6 in adults with COPD are associated with relative protection from exacerbations caused by H. influenzae (1) . In view of these observations that the highly conserved P6 protein induces potentially protective immune responses in numerous animal models, in vitro systems, and clinical studies, there is great interest in evaluating P6 in clinical trials to assess the extent to which immunization of humans with this antigen will induce protection against H. influenzae infection.
In addition to its potential as a vaccine antigen, P6 is a key mediator in the interaction of H. influenzae with the human host. P6 activates NF-B through Toll-like receptor 2 signaling (51) and is a potent inducer of proinflammatory cytokines, particularly interleukin 8 and tumor necrosis factor alpha (5). Furthermore, the protein induces the transcription of mucin production genes in middle ear cells (11) . These inflammatory effects of P6 parallel those induced by peptidoglycan-associated lipoproteins of other gram-negative bacteria (2, 7, 30) . Through these potent effects, P6 is a key virulence factor in mediating the inflammation that is a hallmark of COPD and otitis media.
Little is known about the function of the protein in H. influenzae. P6 shares homology with the Escherichia coli peptidoglycan-associated lipoprotein which appears to play a structural role in anchoring the outer membrane to the cell wall (10, 28, 44, 45) . The goal of the present study was to begin to evaluate the function of P6 in H. influenzae. Our approach was to construct a P6-deficient mutant, an undertaking that has eluded us for 2 decades. The mutant and a complemented mutant were studied to assess the function of this putative vaccine antigen in the bacterium.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. H. influenzae strains 49P5H1 and 1479 were isolated from the sputa of adults with COPD. Plasmid pGEM3Zf was obtained from Promega (Madison, WI). Plasmid pSPEC1 was kindly provided by Lauren Bakaletz and Robert Munson (4) . H. influenzae was grown on chocolate agar or in brain heart infusion broth supplemented with hemin and NAD at 10 g/ml (each).
Monoclonal antibodies. The monoclonal antibody 7F3 recognizes an epitope on outer membrane protein P6 (OMP P6) and was described previously (41, 43) . The monoclonal antibody 2C7 recognizes an epitope on OMP P5 (34, 40) . Both 7F3 and 2C7 are immunoglobulin G isotypes.
SDS-polyacrylamide gel electrophoresis and immunoblot assays. Whole-cell lysates were subjected to sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis and Coomassie blue staining by previously described methods (39) . Immunoblot assays with monoclonal antibodies were performed as described previously (43) .
Construction of P6 mutant. A mutant lacking the gene encoding P6 and thus deficient in the expression of P6 was constructed in strain 49P5H1. To accomplish this, a 1,465-bp region upstream of the P6 gene and a 1,260-bp region downstream of the P6 gene were amplified by PCR from genomic DNA of H. influenzae 1479. Primer sequences are noted in Table 1 . These amplicons were ligated into pGEM3Zf. A chloramphenicol cassette was amplified from plasmid pACYC184 (New England Biolabs, Beverly, MA) and ligated into the plasmid construct between the fragments upstream and downstream of the P6 gene by using an AccI restriction site. Therefore, the plasmid contained an insert in which a chloramphenicol resistance cassette was flanked by sequences corresponding to regions upstream and downstream of the P6 gene and lacked the P6 gene itself.
The plasmid was linearized with NdeI and then transformed into strain 49P5H1, which was made competent by the method of Herriott et al. (20) , using the transformation protocol of Poje and Redfield (47) . Transformants were selected on chocolate agar containing 2 g/ml of chloramphenicol. A mutant was obtained (49P5H1P6 Ϫ ), and allelic exchange was verified by PCR analysis and Southern blot assay, as detailed in Results.
Complementation was accomplished by using plasmid pSPEC1 (4) . A fragment containing the P6 gene and 533 bp upstream and 340 bp downstream of the gene was amplified by PCR from genomic DNA of strain 49P5H1 and ligated into pSPEC1 at HindIII and EcoRI restriction sites. After confirmation of the sequence of the insert of the resulting plasmid (pP6Spec2), H. influenzae 49P5H1P6 Ϫ was electroporated with pP6Spec2 that had been methylated with CpG methylase (New England Biolabs) in a 0.1-cm cuvette (200 ⍀, 2.5 kV, 25 F). Cells were plated on chocolate agar containing 200 g/ml of spectinomycin Southern blot assay. Southern blot assays were performed with genomic and plasmid DNAs restricted with EcoRI with a Hoefer TransVac vacuum blotting unit following the manufacturer's instructions (Hoefer, San Francisco, CA). Probes were biotinylated with an NEBlot Phototope kit (New England Biolabs), and blots were developed with a Phototope-Star detection kit (New England Biolabs) according to the manufacturer's instructions.
RT-PCR. Bacterial RNAs were isolated using a QIAGEN RNeasy kit and a Qiashredder column (QIAGEN, Valencia, CA) following the manufacturer's instructions, with an additional incubation with RNase-free DNase I (Promega) for 30 min at 37°C. Reverse transcriptase PCR (RT-PCR) was performed using a QIAGEN OneStep RT-PCR kit and RNaseOut RNase inhibitor (Invitrogen, Carlsbad, CA). Primers were designed to amplify ϳ500-bp fragments of the P6 gene, the upstream gene tolB, and the downstream gene HI0380 (Table 1 ). In addition, to exclude the possibility of contaminating DNA, parallel reactions with TaqI DNA polymerase (HotMaster mix; Eppendorf, Hamburg, Germany) were performed. Following amplification, samples were electrophoresed in 1.5% agarose gels and stained with ethidium bromide.
Transmission electron microscopy. Bacteria were grown to logarithmic phase in broth and harvested by centrifugation. Pellets were resuspended in phosphatebuffered saline (PBS) and washed three times by centrifugation. Bacterial cells were fixed by suspension in 2.5% glutaraldehyde in PBS and incubation for 2 h at 4°C. After being washed three times by centrifugation and then resuspended, cells were stained by suspension in 1.5% osmium tetroxide and incubation for 1 h at 4°C. After the cells were washed three times in PBS, they were dehydrated in graded ethanol followed by acetone. Samples were embedded in Araldite/Embed (Electron Microscopy Sciences, Hatfield, PA), thin sections were cut and mounted on coated specimen grids, and sections were stained with saturated aqueous uranyl acetate-lead citrate. Sections were examined using a JEOL 100CX-II transmission electron microscope in the Electron Microscopy Laboratory in the School of Medicine and Biomedical Sciences at the University at Buffalo.
MICs. MIC determinations were performed in the laboratory of Gary Doern at the University of Iowa by broth microdilution as described previously (19) .
Disk diffusion assays. Assays to assess the susceptibility of strains to a panel of hydrophobic agents and to selected antimicrobial agents were performed as described by Luke et al. (31) . Bacteria were suspended to an optical density at 600 nm of 0.2, and aliquots of 0.1 ml were spread onto chocolate agar plates. Sterile blank paper disks (Becton Dickinson, Cockeysville, MD) were saturated with the various agents and placed on the agar plates in triplicate, and the plates were incubated overnight at 36°C in 5% CO 2 . Sensitivity to each of the agents was determined by measuring the diameter of the zone of inhibition in two axes, and the mean value was recorded. Values were analyzed using pairwise comparison in a mixed model.
Bactericidal assays. The sensitivity of strains to killing by normal human serum was assessed by bactericidal assays performed in 96-well plates. Strains were grown to logarithmic phase in broth and diluted in 10% bovine serum albumin in Hanks' balanced salt solution so that the same number of viable bacteria was placed into each well, as determined by colony counts (final concentration in the assay well, ϳ10 4 CFU per ml). It was necessary to use different dilutions of bacteria for the different strains (parent strain, P6 mutant, and complemented mutant) based on the optical density of each broth culture to have the same number of viable bacteria in each reaction. Serum from a healthy donor was added at various dilutions, and colony counts were determined in duplicate after incubation for 30 min at 36°C. The percent kill for each serum dilution was calculated by dividing the number of colonies after 30 min of incubation with serum by the number of colonies in control wells incubated for 30 min in the absence of serum. Colony counts were performed at time zero and at 30 min for each assay to ensure that bacteria remained viable under the conditions of the assay.
RESULTS
Construction and characterization of a P6 mutant. To create a mutant that completely lacks the gene encoding OMP P6, a construct that contained a chloramphenicol cassette in place of the P6 gene in the center of a fragment of DNA with the sequences flanking the P6 gene in H. influenzae was constructed. Homologous recombination with the construct generated a mutant in which P6 was absent. The mutation was complemented by cloning the P6 gene and its flanking sequences into a plasmid that replicates in H. influenzae. Figure 1 shows an SDS gel of a whole-cell lysate in which the P6 band separates as a somewhat wavy band characteristic of a lipoprotein in the parent strain 49P5H1 (lanes a) but is absent in the mutant strain (lanes b). The complemented mutant shows the presence of a prominent P6 band (lanes c). Immunoblot assays with a monoclonal antibody that recognizes an epitope on OMP P6 confirmed that P6 is not expressed in the mutant but is expressed in the complemented mutant (Fig. 1) .
To confirm the insertion of the chloramphenicol cassette into the mutant, DNA from the parent, mutant, and complemented mutant strains was subjected to analysis by PCR, using primers corresponding to sequences in the chloramphenicol cassette, the P6 gene, and the region flanking the P6 gene. All PCRs yielded amplicons of the predicted sizes (data not shown).
Southern blot analysis was performed to further characterize the mutant. DNA isolated from the parent, mutant, and complemented mutant strains was restricted with EcoRI and subjected to agarose gel electrophoresis. After transfer, probing of the DNA with a 200-bp fragment of the chloramphenicol cassette showed single bands for the mutant and the complemented mutant, as expected (Fig. 2, left panel) . Probing the DNA with a 200-bp fragment of the P6 gene showed a band of between 9.4 and 23.1 kb for the parent and no band for the mutant, confirming the absence of the P6 gene in the mutant (Fig. 2, right panel) . The complemented mutant yielded a band of approximately 5 kb as a result of detection of the P6 gene on the pP6Spec2 plasmid (Fig. 2, right panel, lane c) . 
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To assess whether replacing the P6 gene with a chloramphenicol resistance cassette in the mutant altered transcription of the genes upstream and downstream of the P6 gene, RT-PCR was performed. Primers that amplify an ϳ500-bp fragment of tolB, which is located immediately upstream of the P6 gene, were designed. A strong transcriptional terminator is present downstream of the P6 gene (49) , and the next open reading frame, corresponding to HI0380, encoding a hypothetical tRNA/rRNA methyltransferase, is located 430 bp downstream of the P6 gene. Primers corresponding to an ϳ600-bp fragment of HI0380 were designed. Transcription of both the upstream tolB and downstream HI0380 genes in the P6 mutant appeared to be indistinguishable from that in the parent strain (Fig. 3) . Control assays confirmed that the purified RNA was free of contaminating DNA and that, as expected, transcription of the P6 gene in the mutant was absent. These results demonstrate that, based on semiquantitative RT-PCR, deletion of the P6 gene in the mutant did not alter the transcription of the genes immediately upstream and downstream of the P6 gene.
Colony morphology and growth characteristics. P6 mutants demonstrated altered colony morphology on chocolate agar compared to the parent strain. Mutant colonies had approximately one-half the diameter of colonies of the parent strain after overnight incubation, and the mutant colonies demonstrated a "stickier" consistency when probed with a loop. The mutant strain had a tendency to show clumping when suspended in buffers, in contrast to the parent strain.
The complemented mutant had an intermediate phenotype for these features. The mutant showed slower growth in broth and reached a lower cell density in broth than did the parent (Fig. 4) .
Cell morphology. Transmission electron microscopy showed that compared to those of the parent strain, cells of the P6 mutant were larger and showed more size variation from cell to cell (Fig. 5) . In addition, more fragments of cells and empty cell envelopes were apparent in mutant sections than in parent sections, suggesting that the cells were more fragile during growth and during processing for electron microscopy. The To assess quantitatively the size differences apparent by visual inspection of electron micrographs, the smallest diameters of 100 cells each of the parent strain, the P6 mutant, and the complemented mutant were measured at a magnification of 20,000. Analysis using Aabel software (Tulsa, OK) is shown in the graphs below the electron micrographs in Fig. 5 . The mean diameters of cells (in cm, measured on prints of cells at a magnification of 20,000) of the parent strain (1.63), the mutant (1.89), and the complemented strain (1.79) were different from one another (P Ͻ 0.001; analysis of variance). Inspection of the graphs also reveals that cells of the P6 mutant show greater size variation than do those of the parent strain (Fig. 5) .
Antimicrobial susceptibility. The MICs of the parent strain, the P6 mutant, and the complemented mutant were determined for a panel of antimicrobial agents. No significant difference in MIC was observed among the three strains for ampicillin, amoxicillin-clavulanic acid, cefpodoxime, ceftriaxone, moxifloxacin, levofloxacin, azithromycin, clarithromycin, telithromycin, tetracycline, and meropenem. Differences in MICs between parent and mutant strains were observed for three cephalosporins, and these results are shown in Table 2 , along with results for selected ␤-lactam antibiotics. The P6 mutant was 8-to 16-fold more sensitive than the parent strain to cefdinir, cefuroxime, and cefprozil. The phenotype was restored to within one dilution of the parent strain by complementation of the P6 mutation in the case of cefdinir and cefuroxime and was partially restored in the case of cefprozil.
Disk diffusion assays were performed to assess the relative susceptibilities of the parent strain, the P6 mutant, and the complemented mutant to the antimicrobial agents novobiocin and polymyxin B. The P6 mutant was significantly more susceptible to inhibition of growth by both novobiocin and poly- Table 3) . Complementation of the mutation completely restored the parent phenotype to the mutant with regard to novobiocin susceptibility and partially restored the polymyxin B phenotype. Disk diffusion assays were also performed to assess the sensitivity profiles of the strains for a panel of hydrophobic agents, including Triton X-100, sodium deoxycholate, Tween 20, and sodium dodecyl sulfate. No reproducible differences were observed between the parent strain and the P6 mutant in disk diffusion assays with these detergents.
Serum sensitivity. The effect of P6 on sensitivity to complement-mediated killing by human serum was assessed by performing bactericidal assays with dilutions of normal human serum. The P6 mutant was more sensitive to killing by normal human serum than the parent strain, as shown in Fig. 6 . The complemented mutant demonstrated an intermediate phenotype with regard to serum sensitivity. The assay was performed multiple times, and the results consistently showed that the P6 mutant was more sensitive to killing by normal human serum than the parent strain.
DISCUSSION
A mutant deficient in expression of the peptidoglycan-associated lipoprotein outer membrane protein P6 was constructed by deleting the entire P6 gene and replacing it with a chloramphenicol resistance cassette. Analysis of the mutant revealed several phenotypic changes compared to the parent strain, including (i) slower growth in broth culture; (ii) altered morphology, including a larger cell size and increased variability in cell size; (iii) decreased cell wall integrity, as indicated by vesicle formation and fragmentation of cells; (iv) increased susceptibility to selected antimicrobial agents; and (v) increased susceptibility to complement-mediated killing by human serum. Complementation of the P6 mutation partially or completely restored these phenotypes. Based on these observations, we concluded that P6 plays a structural function in the bacterial cell by virtue of its role in cell growth, cell shape, and integrity of the cell wall.
Complementation of the mutation in trans resulted in either full or partial restoration of the parental phenotype for each of the characteristics studied. Furthermore, transcription of the genes upstream and downstream of the P6 gene was unaltered in the mutant compared to the parent strain (Fig. 3) . These observations support the conclusion that deletion of the P6 gene was responsible for the phenotypes observed in the mutant. The most likely explanation for incomplete complementation in some experiments is that transcription, translation, and processing to the outer membrane are not as efficient for the plasmid construct as for the chromosomal gene.
The P6 mutant demonstrated hypersensitivity to several antibiotics, including polymyxin B, novobiocin, and selected cephalosporins. The mechanisms of action of these antibiotics differ from one another. The target for novobiocin is DNA gyrase, and the targets for cephalosporins are penicillin binding proteins on the cytoplasmic membrane. We speculate that the loss of P6 increases the accessibility of the targets for these agents by alteration of the outer membrane architecture, accounting for the increased antibiotic susceptibility. Polymyxin B binds the outer membrane component lipooligosaccharide, suggesting that alteration in the outer membrane structure by the loss of P6 results in the increased susceptibility to this agent.
The increased sensitivity to complement-mediated killing by human serum of the P6 mutant observed in the present study is also likely a result of altered outer membrane architecture. The structural changes resulting from the absence of P6 may cause the bacterial cell to be killed more readily by insertion of the membrane attack complex. Alternatively, the absence of P6 may expose new epitopes to serum antibodies directed at other surface antigens.
P6 is a peptidoglycan-associated lipoprotein (PAL) with homology to the PALs of E. coli and other gram-negative bacteria. The PAL gene is part of a complex of genes that encode five proteins (TolQ, TolR, TolA, TolB, and PAL) that form a bridge linking the cytoplasmic and outer membranes in E. coli and other gram-negative bacteria (8, 13, 14) . In H. influenzae, the tolQRAB genes are also located upstream of the P6 gene (49) . Analysis of the P6 mutant that was developed and characterized in the present study provided evidence that P6 plays a similar role for H. influenzae in anchoring the outer membrane to the peptidoglycan. influenzae. The H. ducreyi mutant also showed altered colony morphology and hypersensitivity to selected antibiotics, but in contrast to the P6 mutant of H. influenzae, the H. ducreyi mutant had a similar growth rate in broth to that of the parent strain. However, wild-type H. ducreyi is quite fastidious in its growth in broth, and perhaps this characteristic of slow growth obscures the detection of a difference. It is interesting that a PAL mutant of H. ducreyi showed a reduced level of pathogenicity in a human challenge model of H. ducreyi infection, suggesting that PAL facilitates pustule formation. The construction of a P6 mutant of H. influenzae eluded our efforts for many years. The successful construction of the mutant resulted largely from "trial and error," and although we are not certain of the relative importance of various factors, several approaches likely contributed. These included using a highly transformable strain, ensuring that the transforming DNA contained an H. influenzae-specific uptake sequence, using a chloramphenicol resistance cassette in favor of a kanamycin resistance cassette, using chocolate agar rather than supplemented brain heart infusion agar to select transformants, and screening a large number of transformants to identify a mutant.
P6 continues to be the focus of significant interest as a vaccine antigen for nontypeable H. influenzae. The observation that deleting P6 is detrimental to the bacterium has important implications in further evaluating P6 as a potential vaccine antigen. A mechanism used by bacteria to evade immune responses to antigens is to turn off or down regulate the expression of antigens that are targets of immune responses. The results of the present study show that P6 plays a critical role in the bacterium, indicating that the expression of P6 is important for its viability. This observation is consistent with the previously documented observation of a high degree of sequence conservation among strains (100% conserved at the amino acid level for strains studied thus far), further supporting the concept that P6 is critical for the bacterium. This characteristic is highly desirable for a vaccine antigen.
